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We conducted airborne observations of aerosol physical properties over the southern Fin-
land boreal forest environment. The aim was to investigate the lower tropospheric aerosol 
(up to 4-km altitude) over an area of 250 by 200 km, in particular during new particle 
formation (NPF) events, and to address the spatial variability of aerosol number concentra-
tion and number size distribution. The regional NPF events, detected both airborne and at 
the ground, with air masses originating from the Arctic or northern Atlantic Ocean were 
studied throughout the boundary layer and throughout the area covered. Three suitable case 
studies are presented in more detail. In two of these studies, the concentrations of nuclea-
tion mode particles (3–10 nm in diameter) were found considerably higher (up to a factor 
of 30) in the upper parts of the planetary boundary layer compared to ground-based meas-
urements during the nucleation events. The observed vertical variation can be connected 
to boundary layer dynamics and interactions between the boundary layer and the lower 
free troposphere, likely yielding high concentrations of newly formed aerosol particles. 
Our results suggest that nucleation does not necessarily occur close to the surface. In one 
presented case we found evidence of NPF occurring in a limited area above cloud, in the 
complete absence of a regional NPF event.
Introduction
In the Earth’s atmosphere, particulate matter 
suspended in the air (aerosol particles) is of 
great significance for the climate and air quality 
(Forster et al. 2007, Arneth et al. 2009). The par-
ticles act as cloud condensation nuclei (CCN), 
i.e. seeds for cloud droplets, and have negative 
impacts on human health (Nel et al. 2006, Vacla-
vik Bräuner et al. 2007, Brook et al. 2010). Both 
anthropogenic and natural sources influence the 
concentration and composition of atmospheric 
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aerosol capable of acting as CCN (Weber et al. 
2003, Clarke and Kapustin 2010, Hamburger et 
al. 2011, Heald et al. 2011, Yue et al. 2011). The 
formation of new aerosol particles from gaseous 
precursors may currently account for about half 
of all the CCN globally (Merikanto et al. 2009) 
and has been observed in many locations around 
the world (Kulmala et al. 2004, Kulmala and 
Kerminen 2008).
The spatial extent of new particle formation 
(NPF) can be inferred indirectly from a single 
ground-based measurement location (Mäkelä et 
al. 1997, Kulmala et al. 2001). If the NPF was 
only intermittent in nature, the formation and 
subsequent growth would not be observed con-
tinuously at a fixed site. The regional nature of 
the NPF events has also been observed else-
where (Stanier et al. 2004, Vana et al. 2004, 
Komppula et al. 2005, Wehner et al. 2007, 
Hussein et al. 2009, Pryor et al. 2010). Aerosol 
measurements onboard an aircraft (Baumgardner 
et al. 2011) can add relevant information also on 
vertical extent of the NPF (Buzorius et al. 2004, 
Crumeyrolle et al. 2010, Mirme et al. 2010).
The “European Integrated project on Aero-
sol Cloud Climate and Air Quality Interactions” 
(EUCAARI) project was a major effort to study 
aerosol properties and formation at different 
locations around Europe to shape a comprehen-
sive view of spatial and temporal variability of 
the secondary aerosol formation on a continen-
tal scale (Kerminen et al. 2010, Kulmala et al. 
2011). During May 2008, airborne measure-
ments were performed as a part of EUCAARI 
with several research airplanes. The airborne and 
ground-based measurements of aerosol number 
concentrations in the accumulation mode were in 
a good agreement (Hamburger et al. 2011). Con-
cerning the ultra-fine particles, the data obtained 
with the French SAFIRE ATR 42 aircraft around 
the Cabauw measurement station in the Neth-
erlands indicated that new particle formation 
occurred with spatial scales of 100 km both over 
the continental areas as well as over the North 
Sea (Crumeyrolle et al. 2010). Other measure-
ment flights found indication and evidence for 
nucleation taking place also in the free tropo-
sphere (Clarke 1992, Schröder and Ström 1997, 
Mirme et al. 2010).
Airborne aerosol measurements over the 
boreal environment and focused on the lower 
troposphere are scarce. The extent of aerosol for-
mation was studied onboard a DHC-6 Twin Otter 
on three days in March 2003 (O’Dowd et al. 
2007, 2009) and using a motorized hang glider/
microlight aircraft from IMK-IFU (Junkermann 
2001, 2005). The formation of new particles 
was observed throughout the boundary layer 
over Hyytiälä, while no new particle formation 
was observed over the frozen sea upwind from 
Hyytiälä (O’Dowd et al. 2009). The onset of new 
particle formation was observed to coincide with 
the break of the nocturnal boundary layer, with 
the process of formation occurring at the ground 
level from where the fresh new particles were 
mixed upwards (O’Dowd et al. 2009). The aero-
sol and ion characterization in a hot-air balloon 
around the Hyytiälä SMEAR-II research station 
(Hari and Kulmala 2005) indicated that the new 
particle formation occurred either throughout 
the mixed layer or close to the surface (Laakso 
et al. 2007). On one out of eleven measure-
ment days with the balloon, the new particle 
formation was also observed to take place in the 
free troposphere (Laakso et al. 2007). Vertical 
profiling with a Condensation Particle Counter 
and an Optical Particle Sizer using a tethered 
balloon revealed new particle formation homo-
geneously occurring in the boundary layer over 
Hyytiälä (Boy et al. 2004). In summary, several 
studies using limited number of observations 
delivered various results and conclusions instead 
of a consistent picture. There is a clear need for 
more experiments, addressing the NPF, to lead 
towards a better understanding as for where in 
the planetary boundary layer, and under what 
conditions, new aerosol particles are formed.
The study presented here was a part of the 
EUCAARI project and aims at examining both 
the vertical and the horizontal extent of new par-
ticle formation in the boreal forest environment, 
based on aircraft measurements. We present a 
compact aircraft platform for aerosol measure-
ments, which has relatively inexpensive running 
costs. These airborne measurements are com-
pared with the ground-based measurements con-
ducted at the well-equipped SMEAR II (Station 
for Measuring Forest Ecosystem–Atmosphere 
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Relations II) station, located in Hyytiälä in the 
boreal forest of southern Finland.
Experimental setup and methods
Aircraft and inlets
Results presented here are based on the data col-
lected by an airborne measurement platform and 
these data are related to ground based observa-
tions. The aircraft used was a Cessna FR172F, 
a light single-engine airplane. This particular 
airplane was modified to accommodate the 
measurement equipment. The majority of the 
instruments was built into a rack behind the 
front-row seats, and was supplied with sample 
air collected from an external inlet mounted on 
the airplane’s right wing facing the undisturbed 
air ahead (Fig. 1). The aerosol inlet’s design 
was adopted from the University of Hawai’i 
shrouded solid diffuser inlet design originally 
presented in McNaughton et al. (2007) for use 
aboard a DC-8 aircraft. Our inlet is a downsized 
version of it, suiting the lower cruising speed of 
the Cessna. The sample air was transported to 
the instruments in the aircraft’s cabin through 
stainless steel tubing (22 mm inner diameter, 
Figs. 1 and 2), running from the inlet back under 
the wing and along the wing strut towards the 
cabin where it entered from underneath. The 
total length of the sample line is between 3.8 and 
4.3 m, depending on the exact position of the 
respective instrument in the rack. Excess sample 
air not used by the instruments exited through 
a venturi (mounted on the right main gear leg, 
Figs. 1 and 2). The forward movement of the 
flying airplane together with the suction in the 
venturi provided the necessary sample air flow. It 
was controlled manually using a flow meter (TSI 
4000 series) and a manual valve, to maintain a 
constant sampling flow of 50 l min–1.
A typical measurement flight consisted of 
four vertical profiles flown with an airspeed 
of 125 km h–1 and a climb/descent rate of 150 
m min–1 from altitudes of 300 m up to 4000 m. 
As compared with many earlier flight measure-
ments (e.g. Mirme et al. 2010), the airspeed, 
scale of altitudes, and areas covered by our 
measurements was smaller, thus allowing for a 
higher spatial and temporal resolution.
Airborne instrumentation
The following instrumentation was implemented 
for observations discussed in this study (Fig. 2): 
a CO
2
/H
2
O analyzer (LI-COR LI-840), a TSI 
3776 condensation particle counter (CPC) tuned 
and calibrated for a cut-off size of 3 nm, a triple 
wavelength (467, 530, and 660 nm) particle/
soot absorption photometer (PSAP; Radiance 
Research), a nephelometer (Radiance Research 
Model 903) using a wavelength of 545 nm, and 
an instrument system called the “aerosol pack-
age”. In 2009, the aerosol package contained two 
Fig. 1. Photographs of the inlet mounted on the right wing of the measurement aircraft.
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TSI 3772 CPCs, tuned and calibrated for cut-
off sizes of 10 and 6 nm, respectively. The TSI 
3772 CPCs are designed for maximum particle 
concentrations of 104 cm–3. For this reason, a 
dilution unit with a dilution factor of 1:10 could 
be optionally implemented in the sample line for 
these two instruments. (This dilution unit was 
used only until July 2009.) Henceforth, the col-
lection of the two TSI 3772 CPCs and the TSI 
3776 CPC that were used onboard the aircraft 
during 2009 will be referred to also as a “CPC 
battery”. The time resolution of the all CPCs was 
one second, which meant a spatial resolution of 
35 m.
For the measurements in 2010, the two TSI 
3772 CPCs were replaced by a Scanning Mobil-
ity Particle Sizer (SMPS, Wang and Flagan 
1990), consisting of a short Hauke-type DMA 
and a TSI 3010 CPC. The SMPS enabled us 
to measure the particle size distribution in the 
mobility diameter range from 10 to 350 nm with 
a time resolution of 2.1 minutes corresponding 
to a spatial resolution of 4.5 km. In addition to 
the size distributions obtained from the SMPS, 
we calculated the particle concentrations for 
an additional size bin by taking the difference 
between the total concentration as measured by 
the CPC (cut-off size of 3 nm) and the integrated 
concentration from the SMPS. The nominal par-
ticle size of that channel is 5.5 nm.
With the current instrumental setup, we were 
not able to measure aerosol size distribution for 
particles > 350 nm, however, from the shape of 
size distribution we can safely assess that they 
did not significantly contribute to total aerosol 
number densities. We inverted the SMPS data 
as described in Collins et al. (2002), and imple-
mented calibration results as well as corrections 
for diffusion losses. The latter were estimated 
for the aerosol sample line used on the aircraft 
by assuming a turbulent flow in a straight tube 
(Hinds 1999). The penetration efficiencies were 
69% and larger.
Note that due to the lack of ability to meas-
ure a complete aerosol number size distribution 
during observations carried out in 2009, no tube 
loss corrections were applied to any results on 
total number concentrations from 2009 (i.e. case 
studies 1 and 2). Concentrations for certain size 
bins, obtained by taking the difference of CPC 
counts, were however corrected for diffusional 
losses of particles of the respective mean size, 
again assuming turbulent flow in a straight tube. 
The penetration efficiencies for the used size 
bins range from 70% to 85%. The resultant 
numbers will be closer to the actual particle con-
centrations than the raw data, and are easier to 
compare with the corresponding results from the 
instrumentation used in 2010 (SMPS and CPC, 
case study 3).
The TSI 3772 model CPCs occasionally 
encountered problems at high altitudes (usually 
> 2 km), giving abnormally high (in particular 
higher than the 3 nm cut-off TSI 3776 CPC) and 
Fig. 2. (A) schematic 
depiction of the flow 
system used on the 
measurement airplane, 
including an overview of 
the instruments located 
inside the aircraft. this is 
viewed from the top, and 
the airplane would be 
flying to the left, with the 
inlet mounted under the 
airplane’s right wing. the 
dashed line represents the 
side wall of the cabin. (B) 
the two different options 
for the “aerosol package”.
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erratic count rates. The corresponding data were 
excluded from the analysis, seen as occasional 
gaps in the presented data.
Both setups of the aerosol package and 
the LI-840 and the PSAP required an external 
vacuum that was provided by a vacuum pump 
(Thomas 107CDC20/12). The equipment fur-
ther included a combined temperature/relative 
humidity (RH) sensor (Rotronic HygroClip-S) 
mounted on the airplane’s right wing in an 
aluminum cover tube, underneath the sample 
air inlet (see Fig. 1). Unfortunately, due to the 
housing of the sensor, the actual time constant 
of the temperature/RH measurements was of the 
order of minutes, and the obtained data often 
not usable. A GPS receiver was used onboard 
to track the airplane’s latitude, longitude, and 
altitude at a time resolution of one second. Data 
from all instruments were collected by a com-
puter that was built into the rack and could be 
accessed remotely from the front seats by using 
a small laptop connected to the rack computer. 
This allowed for a continuous surveillance of 
the instruments during the flights. Starting from 
October 2010, a web camera was installed in 
the cockpit, close to the right-hand-side seat and 
pointing outside in the direction of the aerosol 
inlet. It took pictures every 30 s, providing infor-
mation on prevailing cloud conditions. Electrical 
power (12 V DC) was provided by two recharge-
able batteries, attached to the instrument rack.
During September 2009 and October 2010, 
the nephelometer and PSAP were not part of the 
setup.
Ground-based instrumentation and 
models
The measurement flights presented in this study 
were supplemented by the data collected on the 
ground, in particular at the SMEAR-II station 
(Hari and Kulmala 2005). The SMEAR-II sta-
tion is situated in Hyytiälä, Finland, in the boreal 
forest 50 km northeast of the city of Tampere, 
at an elevation of 179 m, and is home to a host 
of instrumentation. Extensive ambient aerosol 
measurements are performed continuously, as 
well as measurements of e.g. meteorological 
parameters and concentrations of trace gases. 
The data taken by size-resolving aerosol meas-
urement instruments at the SMEAR-II station 
— in particular the Differential Mobility Particle 
Sizer (DMPS, Aalto et al. 2001) and various ion 
mobility spectrometers, such as the Balanced 
Scanning Mobility Analyzer (BSMA, Tammet 
2006) and the Air Ion Spectrometer (AIS, Mirme 
et al. 2007) — allow for the detection and analy-
sis of atmospheric new particle formation from 
gaseous precursors (Dal Maso et al. 2005) taking 
place at the location of sampling, i.e. inside the 
boreal forest. Data from the DMPS were used 
extensively in this study. It measures number 
size distributions in the range from 3 to 1000 nm 
at a time resolution of 10 min.
Backward trajectories were calculated using 
the Hybrid Single Particle Lagrangian Integrated 
Trajectory (HYSPLIT) model (publicly available 
at http://ready.arl.noaa.gov/HYSPLIT.php). Cal-
culations were done for air masses ending over 
the SMEAR-II station at three altitudes during 
the time of the flight: close to the ground, upper 
boundary layer (1250 m), and lower free tropo-
sphere (2500 m).
Atmospheric soundings data were obtained 
twice a day (at 02:00 and 14:00) at Jokioinen, 75 
km S of Tampere, 125 km from the SMEAR-II 
station. The data is publicly available at http://
weather.uwyo.edu/.
Results and discussion
Every flight utilizing the described setup was 
flown from and to the Tampere-Pirkkala Airport 
(ICAO-Code EFTP) in southern Finland. From 
7 May 2009 to 21 Sep. 2009, a total of 18 meas-
urement flights were performed. Thirteen meas-
urement flights took place in October 2010. The 
total area covered reached from 23.5°E to 25.5°E 
and from to 61°N to 62.5°N (see the box in Fig. 
3C). Most of the flights aimed at examining new 
particle formation in the boreal forest environ-
ment and were supplemented by data collected 
on the ground. The flights usually included 
climbs up to an altitude of 4 km and subsequent 
descents close to ground level, yielding both 
vertical and horizontal profiles of the measured 
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Fig. 3. (A) Particle size distribution as measured by the DmPs at the smear-ii station in hyytiälä on 8 June 2009. 
the dotted lines mark take-off and landing of the measurement airplane. (B) a–d: particle concentrations for three 
size ranges measured by the cPcs onboard the aircraft (uncorrected) during the four vertical profiles of the flight; 
and e–h: corresponding particle concentrations obtained from integrating parts of the ground-based DmPs par-
ticle size distributions. note that all particle concentrations are given normalized to 288.15 K of temperature and 
1013.25 mbar of pressure. (C) 72-hour backward trajectories obtained from the hYsPlit model for air masses 
ending at different altitudes over the smear-ii station at 11:00 local standard time (eet) [times shown in this plot 
are in Utc (eet – 2)]. the magenta box encompasses the area shown in panel D. (D) map showing where the pro-
files were measured. altitude is color-coded. the surface wind direction (at 34 m) at smear ii is shown in purple.
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parameters. Most of these profiles started and/or 
ended at the SMEAR-II station allowing direct 
comparisons between airborne and ground meas-
urements. Two sets of flights were conducted 
within a time span of about 24 hours (also during 
night time), in order to observe diurnal variations 
in the boundary layer and lower troposphere aer-
osol. Some flights aimed at taking measurements 
from plumes emitted by industrial facilities (e.g. 
power plants), and a series of flights investigated 
extensively the plumes of a controlled biomass 
burning experiment in Hyytiälä, Finland, on 26 
June 2009. Details about the flights associated 
with this experiment and the results from them 
are found in Virkkula et al. (2011).
In general, particle measurements during 
the flights close to the forest canopy over the 
SMEAR-II station in Hyytiälä agreed well with 
the ground-based DMPS measurements. Another 
common observation made during many flights 
was high particle concentrations close to or 
downwind from the urban area around the city 
of Tampere. Data collected while flying low 
over these areas, which usually happened on 
all flights shortly after takeoff and before land-
ing, were removed from this analysis, if a direct 
anthropogenic origin seemed likely.
All particle number concentrations presented 
are given normalized to a temperature of 288.15 
K and a pressure of 1013.25 mbar, which results 
in only minor corrections due to low altitudes. 
Note that we chose 288.15 K as the standard 
temperature, which was closer to actual ambient 
temperatures at the surface, than the commonly 
used 273.15 K. The effects of this difference on 
the numbers presented are, however, minimal.
Altitudes are given in altitude above mean 
sea level, and all times are given as Eastern 
European Time (EET), i.e. UTC + 2, unless oth-
erwise noted.
Flights on days of a “new particle 
formation event”: 3 case studies
Fourteen out of the total of 31 flights were con-
ducted on days that can be clearly classified as 
class I or II “event days” by the DMPS results 
from SMEAR II. These are the days featuring a 
new particle formation events, i.e. a persistently 
growing new mode of particles < 25 nm (Dal 
Maso et al. 2005). A class II event differs from 
a class I event by strong fluctuations in the new, 
growing mode that make the growth rate deter-
mination impossible.
Here we focus on a total of seven flights on 
three case days (Table 1).
We chose the flight on 8 June 2009 for case 
study 1, because the flight took place just at the 
onset of the new particle formation event, as 
recorded at SMEAR II, and because all instru-
ments were working without problems during 
that flight. The second case study is comprised 
of four flights on 21 and 22 Sep. 2009, which 
make up the first set of flights conducted within 
a 24-hour period with the first day being an event 
day. The first of these flights coincided with the 
onset of the NPF event, just as in case study 1.
Other event days in 2009, on which flights 
were performed, were not chosen because they 
were less successful in clearly observing new 
particle formation: The flight on 7 May 2009, 
for instance, was started too late, when the 
new particle formation (as measured by ground-
based instruments at the SMEAR-II station) was 
already finished. The results from the flight on 
18 May 2009 are in general similar to the pre-
sented case studies 1 and 2, but the NPF event 
recorded at SMEAR II was relatively weak and 
two of the CPCs had problems above 2 km. 
Combinations of bad timing, weak or strongly 
fluctuating nucleation events, and instrumental 
problems, also disfavored the three flights on 25 
and 26 May 2009.
Case study 3 presents results from two flights 
in 2010, employing the SMPS. The meteorologi-
cal conditions and the NPF events on 11, 12 and 
13 Oct. 2010 were relatively similar. The last one 
of these events was chosen for detailed represen-
tation as case study 3 due to the most complete 
data set collected during that day.
case study 1 (8 June 2009): regional nPF 
event in late spring
On 8 June 2009, a class I (Dal Maso et al. 
2005) particle formation event was recorded at 
the SMEAR-II station, as can be seen by the 
results from the ground-based DMPS of that day 
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(Fig. 3A; the times of beginning and end of the 
flight are marked by dashed lines). The possibil-
ity of observing steady nucleation and growth on 
the ground over many hours requires uniformity 
of the NPF event over a certain area, therefore 
a regional character of the event was expected. 
Backward trajectory calculations place the origin 
of the measured air masses over the Arctic Ocean 
(Fig. 3C). The air that was most likely very clean 
then passed over land, mostly over boreal forest, 
before reaching southern Finland 40–60 hours 
later (depending on altitude). This kind of air 
mass history is frequently associated with the 
detection of atmospheric new particle formation 
at the SMEAR-II station (Nilsson et al. 2001a, 
Sogacheva et al. 2005).
The airborne CPC battery results from four 
vertical profiles for the concentrations of parti-
cles > 3 nm, > 6 nm, and > 10 nm are shown in 
Fig. 3B. For comparison, we calculated ground-
level concentrations by integrating the particle 
size distributions measured by the ground-based 
DMPS at corresponding times (Fig. 3Be–h), and 
the thereby derived aerosol number densities 
correspond to submicron aerosol with minimum 
size limit 3, 6, and 10 nm respectively. The ver-
tical profiles were taken north of Tampere and 
close to the SMEAR-II station (Fig. 3C and D). 
Airborne measurements of water vapor and CO
2
 
concentrations are presented as a function of alti-
tude (see Fig. 4A–D). The most prominent fea-
tures of these profiles were a marked decrease/
increase in [H
2
O] when climbing/descending 
through a certain altitude, and often a concurrent 
increase/decrease of [CO
2
]. This change between 
an air mass in closer exchange with the surface 
(evaporation of water, uptake of CO
2
) to a drier 
air mass above served as our definition of the 
height of the boundary layer, namely (for profiles 
1–4) at about 1800, 1600, 1500 and 2000 m. A 
sounding made in Jokioinen about 3 hours after 
the flight, at 14:00, showed a constant potential 
temperature profile up to 1900 m, supporting 
the choices made based upon the H
2
O and CO
2
 
profiles (Fig. 4E).
The aerosol number concentrations vertical 
profiles usually exhibited a marked decrease 
when climbing from the boundary layer into the 
free troposphere. The results clearly showed the 
presence of particles in the size ranges 3–6 nm 
and 6–10 nm throughout the boundary layer. 
There was a general increase in the particle con-
centrations over time (Fig. 3Ba–d and e–h from 
left to right), in agreement with the ground-based 
DMPS measurements. One difference was in the 
increase in concentrations of small particles (3–6 
nm and 6–10 nm) at the start of the NPF event 
(which occurred during the time of the flight), 
which was much less prominent on the ground. 
The measured concentrations in the boundary 
layer varied noticeably also in location and alti-
tude (Fig. 3B and D). The difference between 
measured concentrations of 3–6 nm particles and 
concentrations observed on the ground reached 
values of up to about 8100 per cm3, correspond-
ing to a more than 30-fold increase, with a maxi-
mum at an altitude of around 1500 m (Fig. 5A). 
In the 6–10 nm range, the difference in particle 
concentration was up to about 3900 cm–3, corre-
sponding to a more than four-fold increase. Also, 
the total aerosol concentrations were higher in 
the boundary layer than on the ground (even 
without taking tube losses into account which 
would magnify the observed pattern).
Particle number concentrations above the 
boundary layer were much smaller, and particles 
< 6 nm were absent, indicative of the absence of 
recent new-particle formation.
The reasons for the inhomogeneities in the 
particle concentrations in the boundary layer 
could not be ascertained with the current instru-
mental setup. Moreover, on a horizontal scale, 
the vertical profiles were flown 50 km to the east 
of the SMEAR-II station (1st profile), back (2nd 
profile), and then 90 km to the west-southwest 
(3rd and 4th profile). The flight paths were ori-
ented perpendicular to prevailing light northerly 
winds [2.8 m s–1 close to the surface (Table 1)]. 
The landscape overflown (and that to the north of 
the flight paths) is predominated by boreal forest, 
but features intermittent lakes, swamps, and agri-
cultural land. So the simplest conceivable cause 
of these variations is geographical variations in 
these areas. Concentrations of trace gases usu-
ally connected with new particle formation (such 
as sulfuric acid and volatile organic compounds) 
were not measured onboard; however it seems 
plausible that they varied between the sampled 
air masses in the boundary layer. Indeed, varia-
tions in the water vapor and CO
2
 concentration 
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profiles often suggested a non-uniform mixing 
of the boundary layer (Fig. 4). Boundary layer 
dynamics (turbulence, entrainment) therefore 
appeared to play a role. They were not directly 
investigated by our instrumentation, but were 
previously suggested to play an important role in 
boundary-layer nucleation (Nilsson et al. 2001b, 
Crippa et al. 2012). Entrainment fluxes at the 
top of the boundary layer, for instance, may 
cause temperature fluctuations creating a more 
suitable environment for nucleation and early 
growth by condensable vapors. Evidence for 
entrainment-induced new particle formation was 
also reported by others (see e.g. Wehner et al. 
2010, Pryor et al. 2011). Unless regional vari-
ations were dominating in our measurements, 
this hypothesis is in agreement with our observa-
tion of concentrations of 3–6 nm particles being 
mostly higher in the upper half of the boundary 
layer. A prime example is the 4th profile, with 
very high counts of 3–6 nm and 6–10 nm parti-
cles between 800 m and 2000 m (the top of the 
boundary layer), and lower counts below. Note 
that the described pattern was not observed for 
presumably older (grown) particles > 10 nm. A 
transition at 800 m was also seen in the H
2
O and 
CO
2
 profiles, with lower [H
2
O] and higher [CO
2
] 
above, suggesting that the air mass above 800 m 
experienced a less recent exchange with the 
surface, and a more recent mixing with the free 
troposphere on top.
case study 2 (21–22 sep. 2009): Diurnal 
pattern during a regional nPF event in 
autumn
A set of four flights was conducted within 24 
hours during 21 and 22 Sep. 2009. On each of 
the first three flights, four vertical profiles were 
flown with near-identical flight paths (Fig. 6D). 
For the last flight (morning of 22 Sep.), only two 
profiles were flown, along path 1 (climb) and 
back (descent). The airborne CPC battery meas-
urements were summarized by averaging over 
all profiles for each flight, and averaged over 
100 m steps in altitude (Fig. 6Bb–e). The data 
from low altitudes close to the airport or the city 
of Tampere were excluded, as well as some data 
from TSI 3772 CPCs during malfunctions of the 
respective instrument.
The first of the four flights was conducted 
during the onset of a new particle formation 
event. Using the DMPS data from the SMEAR-
II station in Hyytiälä (Fig. 6A), it was classified 
as a class I event, and appeared very similar 
to the event in case study 1. Again, a regional 
character of the NPF event was expected. The 
air mass history was also similar to case study 1. 
According to the backward trajectory model 
(Fig. 6C), the measured air masses originated 
from the North Atlantic Ocean, approximately 
at 60°N. The air masses passed over land for at 
least 24 hours before reaching central-southern 
Fig. 4. (A–D) Water vapor and co2 concentrations measured by the li-cor, along the four vertical profiles of the 
flight of case study 1 (compare Fig. 3) on 8 June 2009. (E) temperature (t) and potential temperature (θa) were 
obtained by sounding at Jokioinen on 8 June 2009 at 14:00.
Boreal env. res. vol. 18 • Airborne measurements of new particle formation over Finland 155
Fig. 5. concentrations of 3–6 nm and 3–10 nm particles (corrected for diffusion losses in the sampling line), 
measured at different altitudes during (A) case study 1, (B) the first flight of case study 2, and (C) the second flight 
of case study 3, normalized by the corresponding measurements by the DmPs at smear ii at same times (but 
notably not same locations). each presented data point was calculated using interpolated ground-based DmPs 
measurements (10 min time resolution), and either (case studies 1 and 2) 100s of airborne cPc measurements (1 
s time resolution) or (case study 3) fixed altitude bins of a width of 100 m. error bars are the sample standard devia-
tions. note that all particle concentrations have been normalized to 288.15 K of temperature and 1013.25 mbar of 
pressure.
Finland. Similar to case study 1, the flight paths 
were perpendicular to the prevailing wind direc-
tion (Fig. 6D).
In the first flight, the number concentrations 
of particles in the size ranges 3 to 6 nm and 6 to 
10 nm were high (as compared with those in the 
three later flights), typical of on-going new par-
ticle formation. As compared with those in case 
study 1, the concentrations of particles in this 
size range from the airborne measurements were 
closer to those measured on the ground during 
this flight, but still higher (Fig. 5B). Again there 
were pronounced drops in particle number con-
centrations above 1000 to 1500 m. Unfortu-
nately, the airborne [CO
2
] and [H
2
O] measure-
ments were not working during this flight (or any 
of the 4 flights of this case study), so the only 
evidence for an increased stability above about 
1000 m came from the sounding in Jokioinen 
during the flight (Fig. 6Ba). Based on the air-
borne observations and soundings, we therefore 
assume that the decrease in particle concentra-
tions marked the top of the boundary layer.
There was also a remarkable variation of the 
measured particle concentrations in the bound-
ary layer with location and altitude. Unlike in 
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Fig. 6. (A) Particle size distribution measured by the DmPs at the smear-ii station in hyytiälä during 21–22 sep. 
2009. the dotted lines mark take-off and landing times of the measurement airplane. (B) b–e: vertical particle con-
centration profiles (uncorrected) measured by the cPcs onboard the aircraft for each of the four flights in chrono-
logical order (from left to right), averaged over altitude in 100-m steps; thick lines represent averages over all four 
vertical profiles of each flight (except only two profiles for the fourth flight); dashed lines show the maximum and 
minimum values measured during each flight; areas between thin lines have been colored to guide the eye. note 
that all particle concentrations are given normalized to 288.15 K of temperature and 1013.25 mbar of pressure. a 
and f: the results of sounding in Jokioinen (a) on 21 sep. at 14:00 during the first flight, and (f) on 22 sep. at 14:00 
2 hours after the fourth flight. (C) 72-hour backward trajectory calculations for each of the four flights, ending over 
the smear-ii station on 21 sep. on 14:00 eet, 20:00 eet, 23:00 eet, and on 22 sep. at 12:00 eet. however, 
times shown on the four plots are in Utc (eet – 2). (D) map showing where the profiles were flown during the first 
flight. altitude is color-coded. the flight paths for the second and third flights were very similar. During the fourth 
flight, only two profiles were flown, approximately along the path of the first profile of the first three flights. surface 
wind directions (at 34 m at smear ii during the first three flights and at tampere-Pirkkala during the fourth flight) 
are displayed in purple.
Boreal env. res. vol. 18 • Airborne measurements of new particle formation over Finland 157
case study 1, most of this variation was in 
particles > 10 nm. For instance, at an altitude 
of 800 m and practically at the same time (7.5 
min apart), the total particle concentrations were 
> 10 000 cm–3 about 20 km NW of Hyytiälä, 
and only around 5000 cm–3 about 20 km south 
of Hyytiälä. Variations in air mass origin are 
the most likely explanation. Smaller particles 
(3–10 nm, possibly recently created by atmos-
pheric nucleation) showed less variation. Their 
numbers were mostly constant around 1000 cm–3 
during the profiles 2 and 3 (close to SMEAR II), 
and varied between 2100 and 3300 cm–3 during 
the profiles 1 and 4, i.e. about 30 km farther 
upwind. Assuming a wind speed of 3.7 m s–1 (i.e. 
the prevailing surface wind), this distance cor-
responded to a travel time of 2 h 15 min. Allow-
ing for an actual wind speed of up to double the 
surface wind speed (due to surface roughness, 
surface winds are often slower than winds aloft), 
the estimated travel time is between one and two 
hours.
The growth rate determined from the ground-
based DMPS measurements was 6.7 nm h–1 
for the size range 3–20 nm [determined as in 
Yli-Juuti et al. (2011)], so one to two hours was 
then enough for almost all the 3–10 nm parti-
cles to grow into sizes > 10 nm. One possible 
explanation for most of the observed variation 
in particles concentrations in this size range 
would therefore be a stronger NPF (i.e. higher 
formation rate) about 30 km to the east of the 
SMEAR-II station. Another explanation is that 
the variability in condensing vapors concentra-
tion and different partitioning of semi-volatile 
compounds are causing this pattern, although we 
cannot address this possibility with the instru-
mental setup used in this study.
The subsequent two flights did not find any 
more boundary layer NPF. During the night 
flight (flight 3), remarkably high particle con-
centrations (peaks at 8400 cm–3, particle sizes 
mostly > 10 nm) between 1100 and 1900 m 
were observed around 50 km north of Tampere 
(profile 1). For comparison, clean troposphere 
background concentrations were below 500 cm–3 
(measured about 20 km to the east). In this case, 
a temperature inversion was observed above 
1900 m by the onboard instrumentation (despite 
the large time constant of the onboard tempera-
ture sensor), suggesting that the increased parti-
cle counts were due to an aerosol layer or plume 
trapped by the inversion. The absence of these 
high concentrations in profiles 2–4 limited the 
horizontal extent of this layer somewhat.
During the fourth flight, we observed an 
unexpected layer of particles about 50 km north 
of Tampere in the free troposphere, between alti-
tudes 1700 m and 2100 m, including nucleation 
mode (i.e. < 10 nm and < 6 nm) particles (Fig. 
6Be). A broken (7/8) cloud layer was observed 
right below the location of this layer (cloud 
base of 1400–1680 m measured at Tampere-
Pirkkala airport), while the Jokioinen sounding 
two hours after the flight showed a temperature 
inversion from 1800 to 2100 m. The small size 
of the observed particles suggested nucleation as 
their source, with the inversion possibly increas-
ing their concentration locally. There have been 
previous observations of local new particle for-
mation exclusive to certain regions in the atmos-
phere associated with turbulence and/or cloud: 
Wehner et al. (2010) presented observations of a 
particle mode < 10 nm in patches in the residual 
layer during the morning time, suggesting that 
these particles were indicative of new particle 
formation due to turbulent conditions locally 
ameliorating the conditions in favor of new par-
ticle formation. It has also been discussed how 
new particle formation takes place in the outflow 
of convective clouds (e.g. Clement et al. 2002), 
and Weber et al. (2001) observed new particle 
formation above a frontal cloud, coincident with 
locally increased sulfuric acid concentrations.
case study 3 (13 oct. 2010): regional nPF 
event in autumn 2010
On 13 Oct. 2010, a new particle formation (NPF) 
event was observed at the SMEAR-II station in 
Hyytiälä, starting around 10:00, with the growth 
of newly formed particles continuing until 20:00. 
Two measurement flights were flown during that 
day, partially concurrent with the NPF event 
(Fig. 7A; start and end times for profile pairs 1 
and 2, and 3 and 4 are marked by vertical lines). 
The first flight took place between 08:00 and 
11:00, and followed a route to the southeast of 
Tampere and did not pass close to Hyytiälä. The 
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Fig. 7. (A) Particle size distribution measured by the DmPs at the smear-ii station in hyytiälä on 13 oct. 2010. 
the airborne measurements are performed during the time between the vertical lines. (B) a–d: particle size distri-
bution measured by the stand-alone cPc and the smPs onboard the aircraft during the four vertical profiles (cor-
rected); (e) the total concentrations during the profiles, measured by the stand-alone cPc (> 3 nm, uncorrected), 
and the results of the soundings in Jokioinen at 14:00 during the second flight; f–i: particle size distributions of the 
lowest measured altitude compared with the average particle size distribution at hyytiälä during the time of the cor-
responding profile measured by the DmPs. (C) 72-hour backward trajectories obtained from the hYsPlit model 
for air masses ending at different altitudes over the smear-ii station at 14:00 local time. times shown in this plot 
are in Utc (eet – 2). (D) map showing where the profiles were flown, with the altitudes color-coded.
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second flight on that day took place between 
13:00 and 15:00, passing the SMEAR-II sta-
tion at low altitude (Fig. 7A and D). Four verti-
cal profiles were flown during each flight. In 
both cases, because the first and the fourth pro-
files were flown close to Tampere and therefore 
affected by anthropogenic sources of aerosol, the 
analysis focused on the first descent and second 
climb of each flight. In this study, we refer to 
them as profiles 1–4. Profiles 1 and 2 were flown 
just before the time of the first observations of 
fresh 3-nm particles at SMEAR II. Between 
the profiles 3 and 4, the nucleation mode was 
observed to grow in size (Fig. 7A). This timing 
allowed us to compare the situation before the 
NPF event with the later situation of an on-going 
growth of nucleation mode particles. The event 
at the SMEAR-II station was classified as a 
class II event, i.e. a new and growing mode of 
sub-25-nm particles could be observed, but the 
growth rate and the formation rate parameters 
could not be determined with a good confidence 
level (Dal Maso et al. 2005).
The wind direction during the flights was 
from the north and the air masses arriving at the 
SMEAR-II station originated from the Arctic 
Ocean (Fig. 7C), similar to the situation on 8 
June 2009 (Fig. 3C). The air masses had spent 
around 24 hours over land before reaching cen-
tral-southern Finland. Particle size distributions 
from 3 to 350 nm and total particle concentra-
tions (> 3 nm) were measured using the SMPS 
combined with a stand-alone CPC for each of 
the four profiles (Fig. 7Ba–e). We calculated the 
average size distributions over altitude bins of 
100 m between the altitudes 300–3500 m. The 
number concentrations in the lowest measured 
size bin (3–10 nm) were in general higher during 
the latter profile pair than during the first two pro-
files, agreeing with the timing of the first profiles 
before the observed new particle formation. The 
concentrations were also seen to increase from 
profile 3 to profile 4. For airborne and simulta-
neously measured on-ground concentrations of 
3–10 nm particles, the airborne concentrations 
were again higher than the ones measured on 
ground (Fig. 5C), similar to case study 2. The 
atmospheric sounding, performed at Jokioinen 
at 14:00, simultaneously with the second flight, 
showed a constant potential temperature profile 
up to 1000 m, giving an indication of the bound-
ary layer height. (Unfortunately, neither [CO
2
] 
nor [H
2
O] information is available from these 
flights to confirm the estimate of the boundary 
layer height.) A drop in observed concentrations 
near the SMEAR-II station occurred at a slightly 
higher altitude of around 1200 m. This difference 
can be explained by regional variation. During 
the first flight of the day, aerosol concentra-
tions dropped at 1000 m, i.e. 200 m lower than 
during the second flight, corresponding to the 
assumption that the height of the boundary layer 
rose during the day. Variations of concentrations 
within the boundary layer at different locations 
were also apparent, such as an increase of con-
centrations from profile 3 to profile 4, noticeably 
not homogeneously with altitude.
The airborne particle size distribution meas-
ured at low altitude (300 m) above the tree 
canopy were compared with the distribution 
measured at the SMEAR-II station inside the 
canopy (Fig. 7Bf–i). Note that during the 1st 
and 2nd profiles, the distance to the SMEAR-II 
station was around 110 km, whereas the 3rd and 
4th profiles passed the SMEAR-II measurement 
tower at the distances of 1.3 km and 0.8 km, 
respectively. The airborne total concentrations 
were higher than those simultaneously meas-
ured at SMEAR II, namely 2900 vs. 2000 cm–3 
(profiles 1 and 2), and 4200 vs. 3000 cm–3 (pro-
files 3 and 4). The accumulation mode (particle 
diameters of 80–350 nm) compared very well, 
whereas concentrations of sub-25-nm particles 
were always higher in airborne than in ground-
based measurements. This agreed with the obser-
vations on the 3–6 nm and 3–10 nm size chan-
nels during case studies 1 and 2. The shape of the 
aerosol size distribution measured at 300 m com-
pared well to the ground observations during all 
four profiles suggesting a certain uniformity of 
aerosol in the air mass over horizontal distances 
well over 100 km.
There was a tendency for the modes of 
the particle size distributions from the airborne 
measurements to be shifted towards smaller sizes 
when compared with those from the ground-
based measurements. This effect was most nota-
ble in profiles 2, 3, and 4, where the Aitken 
mode (20–80 nm) diameter from the airborne 
measurements is about 10 nm smaller than from 
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the ground-based measurements. The reason 
behind this effect remains unknown, and because 
this shift in size showed a rather stable pattern 
independent of altitude, we believe that it was 
caused by instrumental uncertainty. This shift 
also affects the aerosol concentrations of the 
lowest bin derived from the difference between 
total CPC counts and integral aerosol concentra-
tions from the size distributions: The net effect 
would reduce the dN/dlogD
p
 values of the lowest 
bin by up to around 30%, now covering the size 
range 3–20 nm, instead of 3–10 nm.
The vertical profiles of the particle size dis-
tributions themselves exhibited notable varia-
tions within the boundary layer (Fig. 7Ba–e). In 
profiles 1 and 2, the Aitken mode diameter seem-
ingly steps towards a smaller size above about 
500 m. In profile 4, the highest concentrations 
of sub-20-nm particles were observed between 
700 and 1100 m, while the concentrations of 
Aitken and accumulation mode particles were 
decreasing with increasing altitude. The increase 
of nucleation mode particles indicated new par-
ticle formation proceeding at an increased rate 
at these altitudes. The reduced number of Aitken 
and accumulation mode particles indeed consti-
tuted a favouring factor for new particle forma-
tion due to reduced condensation and coagula-
tion sinks, and may have been due to cloud proc-
esses. A layer of scattered stratocumulus (non-
precipitating) was present in the area near the 
SMEAR-II station with the cloud base between 
800 and 1000 m and the thickness of the layer in 
the order of 100–200 m.
At higher altitudes (up to the flights’ ceiling 
of 3500 m), concentrations started to rise again, 
but staying mostly below 300 cm–3. The most 
significant exceptions to that were observed 
between 2700 and 3000 m in profile 3 and 
between 2000 and 2600 m in profile 4. An atmos-
pheric sounding performed at Jokioinen revealed 
an inversion layer situated at 2800–3000 m, sug-
gesting that the observed layers of increased par-
ticle numbers concentrations in the free tropo-
sphere was due to aerosol trapped underneath the 
inversion. Also the onboard temperature sensor 
suggested an inversion layer at these altitudes. 
The observed particles were mainly sub-30 nm, 
so they could be freshly formed particles.
Conclusions
Vertical profiles of aerosol number concentra-
tions, including in 6–10 nm and 3–6 nm size 
ranges, and during some flights particle size 
distributions from 3 to 350 nm were successfully 
measured during airborne observations in 2009 
and 2010, within about 200 km of the SMEAR-
II measurement station in Hyytiälä, southern 
Finland.
Our measurements suggest that new particle 
formation events do not happen only close to the 
ground, but throughout the planetary boundary 
layer. It was also evident that this kind of new 
particle formation is a regional rather than a local 
phenomenon, as has been reported earlier e.g. by 
Hussein et al. (2009). Particle concentrations 
above the boundary layer were usually about an 
order of magnitude smaller indicating that the 
large-scale boundary layer new particle forma-
tion did not extend into the free troposphere.
The vertical distribution of aerosol particles 
within the boundary layer showed variations 
with altitude and horizontal location, which is 
also reflected in the variability of the aerosol 
particle number size distributions detected at 
the ground level. Geographical variations may 
have played a role in the observed variability, 
but no corresponding links could be established. 
Although the flight paths during our measure-
ments cannot prove the actual absence of links 
to geographical features, at least some of the 
observed variability in aerosol particle size 
distributions was connected to boundary layer 
dynamics (case 1). In addition, changes in the 
intensity of new particle formation events with 
time and in space contribute to the observed 
variability, as seen during case 2 in this study. 
Previous airborne measurements over boreal 
forest (O’Dowd et al. 2009) found the largest 
concentrations of nucleation mode particles at 
very low altitudes, < 100 m above ground. Our 
results however did not reproduce these previous 
observations. Instead, an increase in concen-
tration of newly formed aerosol particles was 
often observed towards the upper parts of the 
planetary boundary layer. Particle number con-
centrations measured in-flight during new par-
ticle formation (in particular for sizes < 10 nm) 
were sometimes considerably higher as com-
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pared with numbers obtained from ground-based 
measurements. This is true for all three presented 
case studies. Our results might be attributable to 
entrainment fluxes, previously hypothesized to 
be beneficial to new particle formation. Meas-
urements of particles size distributions revealed 
variations in the distribution of larger particle 
sizes as well, which were tentatively linked to 
cloud processing/removal.
On at least one occasion we found indica-
tions of a case of new particle formation occur-
ring in the free troposphere and above clouds, 
within a confined altitude range.
This study delivered new information about 
the spatial extend of new particle formation in 
the boreal forest environment, but understand-
ing of the processes behind the observed pattern 
needs further study.
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